An investigation of the statistical properties of the native conformations of proteins, observed from crystal structures, is reported. Protein conformations were analyzed in terms of a bond vector correlation function and molecular volume. It was observed that, while the volume of a protein structure varies nearly linearly with the number of residues, the bond vector correlation function exhibits a universal feature for all sizes of proteins. To interpret the nature of the bond vector correlation function of native protein structures quantitatively, Monte Carlo simulations of realistic polypeptide chains of specific but arbitrary amino acid sequence were carried out. The molecule was constrained in an ellipsoidal volume determined by its chain length, and conformations with unacceptable nonbonded contacts between different amino acid residues were excluded. The interactions within a terminally blocked single residue, which correlate two nearest-neighbor peptide groups in a chain, were taken into account by an energetically biased sampling of its4-space. The simulated chain correlation functions were found to be in good agreement with those of the crystal structures of a-sheet-type and mixedtype (a + ,) proteins of similar length. On the basis of these calculations, it is concluded that the observed conformations of these native proteins may arise from two basic factors: the compactness of structures under hydrophobic interactions and the intrinsic stiffness of polypeptide chains due to the interactions within each terminally blocked residue.
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There are many unanswered questions about the native structures of proteins. For example, helix-coil transition theory predicts that longer helices are more stable than shorter ones in the helix state (1) . But, in protein crystal structures, shorter helices are more abundant than longer ones (2, 3) . Similarly, the population of shorter 8-sheets in protein structures is much larger than that of longer sheets (2, 3) . Of course, the compact form of protein structures would limit the possible length of regular structures, but there is clearly more room for longer regular structures. To understand these and related phenomena, it is important to determine the factor(s) that controls the conformations of the regular structural segments in proteins. However, since >50% of all the residues in the native structures of proteins are in nonregular conformations (4, 5) , it is of more general interest to obtain an understanding of the conformational patterns of an average chain segment in protein structures, and the factors that determine these patterns, in terms of simple and well-understood interactions.
In this paper, we present evidence that the average correlation pattern and range of chain vectors in the native structures of proteins are related to the intrinsic stiffness of polypeptide chains. The stiffness of a statistically coiled polymer is usually measured by the persistence length and/or the characteristic ratio of the chain (6, 7) . Theoretical studies by Flory and coworkers on statistically coiled polypeptides (8) (9) (10) satisfactorily accounted for their statistical properties, such as the chain dimensions and characteristic ratio of these polymers, by considering the interactions only between nearest-neighbor peptide groups or, equivalently, within a terminally blocked residue. It may be speculated that longer-range interactions between residues are less important in determining local properties, such as chain stiffness, of statistically coiled polypeptides. In fact, it has been shown that, even for native protein structures, nearest-neighbor interactions play a very important role (11) .
In a study of protein structures, one has to consider another observation-namely, that most native conformations have a compact form. It has been commonly accepted (12, 13) that it is the hydrophobic interactions that force proteins to adopt compact structures, opposing the influence of conformational entropy. The compactness of a structure can be specified by its density or, equivalently, by the volume of a given number of its residues. The importance of the compactness of native protein structures was deduced from recent work on lattice models (14) (15) (16) (17) . It was shown that a volume constraint on the conformation of a lattice chain can induce a large fraction of regular local structures, analogous to the regular structures of proteins (14, 15) . It is of interest, however, to explore the conformational properties of compact real polypeptide chains without resort to a lattice. This paper, and a related one (A.L., M.R.P., S.R., and H.A.S., unpublished observations), are devoted to this question.
We first describe some new results from an analysis of protein crystal structures. We then describe a computer simulation procedure, aimed at extracting the conformational statistics of compact structures. After describing the simulation results, we make comparisons between statistically coiled polypeptide conformations, compact polypeptide structures, and the native structures of proteins, from which we identify the major factors that determine the local conformations of protein structures.
Conformations of Protein Crystal Structures
We begin with an examination of protein crystal structures. It has been suggested that the currently known protein structures might be a reasonable sampling of all the forms of internal structure that the proteins can adopt (19) . From this source (20, 21) , we have learned about most of the common properties of native protein structures.
To obtain quantitative information about the dimensions of native protein structures, we analyzed protein crystal structures from the Brookhaven Protein Data Bank (20, 21) . A simple but approximate description of the dimensions of a protein is an ellipsoid characterized by three principal radii:
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where xi, yi, and zi are the atomic coordinates and N is the number of atoms in the structure. For an ellipsoid with uniform continuously distributed mass, the elements of the above matrix can be obtained as analytical integrals. From this analytical result, it can be shown that the principal radii of the ellipsoid are related to the eigenvalues Aa, Ab, and Ac of the matrix A by r = \/3A. Once these radii are known, the volume of the ellipsoid is easily calculated. It is observed that this ellipsoid is a reasonable estimate of the volume of a protein. Fig. 1 shows the volume of 94 protein structures as a function of the number of residues. In constructing this diagram, we have neglected homologous proteins, multichain proteins, multisubunit proteins, and viral coat proteins. Fig.  1 shows that there is an approximately linear relationship between the volume of a structure and the number of its residues. However, the linear relationship is not obeyed strictly by larger proteins. Overall, the relationship can be expressed as V = 168 (+17) N'(A3), where N' is the number of residues and the value in parentheses is the SD. The shapes of the proteins can be described in the model by their ellipticity. Defining el and e2 as the ratios of the smallest and second smallest radii to the largest radius, we found that ei = 0.61 (±0.11) and e2 = 0.78 (+0.12) for the crystal structures. Within these SDs, it can be seen that all ofthese protein structures have an approximately similar (ellipsoidal) shape.
The local conformations and chain threading of polypeptides can be described quantitatively by the correlation functions of the bond vectors along the chain (22) . We have chosen the virtual bonds (vectors connecting neighboring Ca atoms) as the elementary bond vectors for protein chains. The first-order correlation between bonds i and i + m is defined as
where bi is the ith vector in the chain, w, is the weight of the nth conformation, and the average is taken over all possible conformations. This function measures the orientation cor- relation between two bond vectors in a chain. The function is related to the persistence length, p, of the chain by p = E (cos~li+m)bl+m, m=O [3] where bm is the mth bond length. The persistence length is a valuable measure of the chain stiffness of statistically coiled polypeptides with no volume constraint. For native proteins, however, the chains are usually packed compactly and the orientations of the bond vectors change frequently; therefore, the persistence length itself is no longer an informative parameter. But the correlations between sequential residues are always implicit in the individual correlation functions, which are explored in the present study. To make maximum use of the limited number of available structures, we have calculated the correlation function for a pair of bond vectors separated by m bonds in the protein crystal structures by first averaging over all pairs of bond vectors separated by m bonds in one protein (Eq. 2) and then averaging over all protein structures, with the number of residues in the molecule as the weighting factor. Such calculated correlation functions are denoted below as (cos0o,m). Second-and higher-order correlations between bond vectors can also be defined (22), but we limit ourselves here to the first-order correlation only, because the first-order correlation is most directly related to the conformations of the chain. Fig. 2 shows the first-order correlation function of protein crystal structures plotted against the separation between the pairs of bonds involved. The data are presented separately for a-helix-type, 83-sheet-type, and helix-sheet mixed-type proteins. The protein data base has 128 unique structures (parts of the multichain and multiunit proteins are now counted). Among these structures, 43 are classified as a-helix-type, 13 are classified as a-sheet-type, and 72 are classified as mixed-type proteins. It is observed from Fig. 2 extend in the initial direction for a number of steps and then turn back and run in the opposite direction. The major difference between the correlation functions of the /3-sheettype and the mixed-type structures is that, in the sheet-type structures, the third bond is statistically more parallel to the first bond than the second bond is-i.e., (cosiO,2) > (cosO,1), the volume of the protein, based on the experimental results shown in Fig. 1? Simulation of the Conformation of a Protein in a Confined Volume mixed-type structures do not exhibit this behavior.
We first outline our Monte Carlo simulation procedure. important property is the average length that the chain Given the number of residues in a protein, we can determine hes along a given direction. In a statistically coiled its volume from the relationship shown in Fig. 1 . In this eptide, this length is related to the ability of the chain study, we have used the ellipsoidal model, specified by the serve its initial orientation, hence its stiffness. It is of volume [calculated as V = 168 N'(A3)] and average ellipticity st to explore how this intrinsic property of polypeptides (e1 = 0.6; e2 = 0.8), as described in the previous section. The iifested in native protein structures. From Fig. 2 were replaced by average spheres, whose radii and bond ie of a structure is nearly linearly related to the number lengths to the Ca atoms on the backbone were adopted from idues.) The frequency of occurrence of various structhe literature (25) . After a residue is attached to the chain, a types does not depend on the size of the molecules. For test is made to check whether the residue is outside the , medium, and large proteins as specified above, the constrained volume or has unacceptable nonbonded contact er of sheet-plus mixed-type structures is roughly 2/3 of with residues that are already on the chain. If the test is structures within each of these size categories. From passed, the next residue is added until the chain is completed. it is found that the extension of the chain is somewhat If the test fails, a new pair of random torsion angles is selected dent on the volume of the structures. The extension is and the test is carried out again. If, after a number of tests, ly shorter for smaller than for larger volumes. However, the residue cannot be attached to the chain, the procedure ierall stretching pattern of the chains is clearly not very returns to the previous residue, chooses a new conformation ive to the volume-i.e., the individual correlation for that residue, and continues the process. s lie closely to one another and have a similar shape.
Two sets of parallel simulations were carried out on a the initial direction to the place where the chain turns 60-residue random sequence polypeptide chain. In one set, all opposite direction, the chain stretches over 5 to 6 conformations that satisfied the nonbonded distance criterion , followed by extension in the opposite direction for were accepted. No preferred choice with respect to the (DO4q) )onds, and then it turns back again. The helical-type values in each residue was made. This simulation is in fact an ures are special cases, in which the local conformation off-lattice model with realistic polypeptide geometries. In the brshadowed by the characteristic pattern of the helix; second set of simulations, in addition to the above criterion, Sore, for helices, the longer-range threading of the chain the interaction energies within a terminally blocked residue cured.
(e.g., CH3CO-Ala-NHCH3) were also considered. These -he sections below, we address the following question:
terms correspond to the interactions between nearestthe protein has adopted a compact structure, for neighbor peptide groups treated in the theories of statistically ver reason, is it possible to explain the local conforcoiled polypeptide chains (8-10). The terminally blocked ns observed in protein structures from a knowledge of single-residue energy maps were divided into discrete low-__________________________________________ energy regions (18) The difference between these two chain models with and m without intraresidue interactions can be described in a simple manner: the chains without such interactions are "softer" 4. Comparison of bond vector correlation function of prothan those with these interactions. In a soft chain, the bond ystal structures with that of simulated polypeptide chains with vectors correlate weakly with one another and over a small sidue interactions. Solid curve, sheet-and mixed-type protein distance; the chain retains its initial orientation only over a ires (the average for proteins with <100 residues); shortshort-chain segment. In stiffer chains, in comparison, the and long-dashed curves, simulated (60 residues) free chain correlation length and magnitude of bond vectors are both nfined chain, respectively, larger. The chain stiffness might be related to native protein me polypeptide chain simulated with no volume constructures in the following manner: when a free polypeptide has totally different conformational statistics. Without is confined to a compact volume to form the native structure, )lume constraint, the correlation function decreases the chain will tend to preserve its intrinsic persistence length, tonically as the separation between the bond vectors but the volume constraint prevents it from doing so; as a uses and eventually approaches zero. Under a volume result, a compromise between these two factors will deter-*aint, however, the correlation function first decreases 
Discussion and Conclusions
Our studies suggest that compact conformation and intrinsic chain stiffness are two factors of great importance in determining the native conformation of a protein. The volume constraint introduced in our procedure is only a technique to sample compact conformations efficiently among all the possible conformations that a protein can adopt (it should be recalled that the procedure does nothing more than reject conformations that do not have the dimensions of a native structure). The ensemble of the resulting compact conformations could reasonably be considered as the structures that a protein would assume under the influence of hydrophobic interactions. Compactness will introduce two effects. First, it will eliminate a large number of conformations that are not native-like. Second, it enhances excluded-volume effects between different residues, thereby restricting the ways that a polypeptide chain may be packed in the structure. However, the structural compactness alone is not sufficient to produce the correct chain statistics, let alone to fold the chain into the native conformation. This is clearly demonstrated by the comparison between the simulations with and without intraresidue interactions. Only when the intraresidue interactions were introduced were we able to obtain the correct chain correlation functions.
The present simulations, however, were not successful in reproducing the conformations of a-helix-type proteins. Even though the correlation functions of the simulated protein reproduced those ofthe a-sheet-and mixed-type proteins well (see Fig. 4 traresidue interactions, we sampled more frequently in the large extended-structure region of the 4-0 map than in the much smaller a-helix region. Third, in a random sampling procedure, the probability of selecting successive residues in the a-helical conformation is very low. To form a helix, it would be necessary to include longer-range and cooperative interactions in the sampling procedure.
The present study, however, has shown that, with only intraresidue interactions, one can satisfactorily account for the local chain conformations of sheet-and mixed-type proteins, implying that there is a close relation between the native structures ofthese proteins and the intrinsic properties of statistically coiled polypeptides. This study has identified the stiffness of polypeptides as an important factor in determining the chain-folding patterns of native proteins. Thus, the formation of extended structures seems to arise as a result of the interplay between hydrophobic collapse and local interactions, whereas the formation of helical structures is a result of longer-range interactions, which cannot be explained totally as a result of hydrophobic collapse and nearest-neighbor interactions. It seems that protein folding may arise from hydrophobic collapse and local interactions, as well as the cooperativity induced by a helix-nucleation model.
There are several recent reports related to the present subject. Covell Their conclusion that compactness (in a lattice chain) will produce a significant amount of regular structure is partially supported by the present work. In our simulations, we have found a large fraction of sheet-like local structures, but very few of them have the ideal geometries of 3-sheets, and we achieved these results only after including intraresidue interactions that were not treated in the lattice model (14) . We have found very few helical conformations. Gregoret and Cohen (17) have also shown that the amount of regular structure found in a three-dimensional off-lattice model was much less than that reported previously (14, 15) . It is possible that, since the lattice model has many fewer states than real polypeptide chains, the lattice results may not provide a quantitative description of protein structures.
In conclusion, theoretical simulations have successfully reproduced the conformational statistics of the native structures of (3-sheet-and mixed-type proteins, but not a-helicaltype proteins. The results suggest that some local conformations of native protein structures, such as irregular states and sheet-like structures, are determined by two basic interactions: compact structure (hydrophobic interactions) and intrinsic chain stiffness (interactions within a terminally blocked residue).
